An analysis has been made of the infra-red and Raman spectra of alkyl substituted ethylenes for * characteristic ' frequencies in the region between 1500 and 700 cm."1. The mean values of the frequencies characterizing the various types of substitution are as follows: asymmetric ally disubstituted, 1415 and 890 c m r 1; Jrans-disubstituted, 1303 and 973 c m r 1; c^-disubstituted, 1260 and 973 cm."1; mono-substituted, 1415, 1295, 990 and 910 cm.""1; trisubstituted, 1383 and 820 c m r 1. These frequencies have all been assigned to specific modes of vibration, essentially localized in deformation motions of the hydrogen atoms directly attached to the double bond; the higher frequencies (> 1000 cm.""1) are concerned with motions in the plane of the ethylenic double bond and the lower frequencies arise from motions out of that plane. Using a valency force field, a theoretical explanation has been given of the persistence of these characteristic frequencies in alkyl substituted ethylenes and detailed calculations have been made of the relevant force constants involved. The variation in certain of these characteristic frequencies when halogen atoms replace the alkyl groups has been considered and shown to be due to changes in the force constants and not to the changes in the masses of the substituents. For a given type of substitution, the force constant decreases progressively along the series alkyl group, iodine, bromine, chlorine and fluorine, i.e. with increasing electronegativity. The use of these methods to provide a means of following changes in the electronic structure of the double bond with substitution is discussed*
I n t r o d u c t io n
The fundamental vibration frequencies of hydrocarbon molecules fall naturally into five classes. Proceeding from high to lower frequencies these are:
(1) a group of frequencies between 3400 and 2850 cm.-1 (2*9 to 3*5 (2) a narrow band of frequencies near 2000 cm.-1 (5 (3) a narrow band of frequencies near 1650 cm.-1 (6/4); (4) a moderately wide band of frequencies between 1500 and 600 cm.-1 (6*7 to 16*7/4); (5) a group of frequencies between 450 and 200 cm.-1 (22 to 50/4). The general physical interpretation of these subdivisions has long been clear; thus, the first three groups of frequencies are due to vibrations which are highly localized respectively in the stretching of C-H, C =C and C = C bonds. The fourth group, however, includes two entirely different types of motion, viz. (1) vibrations due to deformation motions of the hydrogen atoms in C-H bonds, and (2) vibrations due essentially to the stretching of C-C bonds. The fifth group arises from deforma tion modes of vibration of carbon atoms. Although the classification may break down in a few special cases (e.g. where resonance between neighbouring multiple bonds occurs or in certain ring structures) it certainly holds for the great majority of hydro- [ 195 ] carbons and forms the natural starting point for any discussion of the vibration spectra of hydrocarbons as a whole. I t is clear, however, th at this general interpre tation of the spectra does not take us very far in the correlation of the spectrum of an individual hydrocarbon with the structure of th a t hydrocarbon and it is only when detailed assignments of frequencies within these groups have been achieved th a t vibration spectra can be used to give reliable information on the structure and properties of hydrocarbons. There are two lines of approach to this problem of assignment. The first is to concentrate on the simplest hydrocarbons, obtain a detailed analysis of the normal vibrations, investigate the selection rules governing transitions in infra-red and Raman spectra and so achieve a full interpretation of the spectra of a number of simple hydrocarbons. Having done this, one may hope to extrapolate the results to the more complex hydrocarbons for which the normal vibration analysis is im practicable. While this approach has given a theoretical justification for the above general classification of frequencies, the extrapolation of the results on simple hydrocarbons to more complex molecules has so far led to little of importance. The main reason is th a t each molecule studied has usually had special characteristics of its own, particularly some form of symmetry, not existing in the larger molecules. A further reason is th at the internal force fields controlling the vibrations have not yet been established with certainty, so th a t even in the simpler hydrocarbons controversy still exists over some of the assignments.
The second, and a t present more promising, line of approach is to isolate the vibrations of certain key groups or unit structures common to classes of hydro carbons and to concentrate attention on the detailed interpretation of the normal vibrations of these groups. The justification for this method is th a t in practice it has been found th a t the spectra of hydrocarbons possessing certain key groups do in fact have many spectroscopic features in common. I t seems reasonable to con clude th a t the internal vibrations of these key groups are, to a high degree of approxi mation, independent of the rest of the molecule and may therefore be isolated for separate theoretical treatm ent. In particular, certain vibrations of the hydrogen atoms are virtually independent of the vibrations of the carbon atoms, and Fox & Martin (1940) have shown how frequencies in the first class (CH stretching) may be dealt with in this manner to characterize CH, CH2 and CH3 groups in particular environments in a wide variety of hydrocarbons. In the present two papers, we propose to consider the detailed theoretical interpretation of frequencies in class (4) in certain key groups existing in hydrocarbons. This first paper deals essentially with deformation vibrations of hydrogen atoms directly attached to carbon atoms in an ethylenic type of double bond; the second will be mainly concerned Ajdth C-C stretching vibrations in paraffinic hydrocarbons containing terminal groups of the type CH3. CH(CH3) . CH2... or CH3. C(CH3)2. CH2.... In each case a large accumula tion of experimental data had shown th at frequencies characterizing these groups persisted over a wide range of hydrocarbon molecules containing them.
A preliminary note giving some of the results of the second investigation has already appeared (Simpson & Sutherland 1947) .
Vibration sjpectra of hydrocarbons. I T h e e x p e r i m e n t a l d a t a
The first requirement for our investigation is a set of reliable infra-red and Raman spectra of several hydrocarbons of each of the following structural types:
where X, Y and Z denote alkyl groups.
We do not propose to consider here the spectrum of the parent ethylene molecule as this has recently been fully dealt with by Herzberg (1945) with whose inter pretation we are in essential agreement. Moreover, the relevance of the ethylene spectrum to those of the substituted ethylenes is not as great as might be expected.
The necessary data on the Raman spectra have been available for several years in the work of Bourguel and his associates (1931 Bourguel and his associates ( ,1932a Bourguel and his associates ( , 19326, 1933a Bourguel and his associates ( , 1933 Bourguel and his associates ( 6,1935 and of Grddy (1935 Grddy ( a, 19356,1935 Grddy ( c, 1937 ) who jointly made a detailed investigation of such hydrocarbons with the object of following the variation of the C = C stretching frequency with substitution, but these spectra are equally useful for our purpose. A certain number of these hydrocarbons have been re-examined by Cleveland (1943 Cleveland ( a, 19436, 1943 Cleveland ( c, 1944 ) and more recently an extensive compilation of Raman spectra of hydrocarbons has been published (Fenske and others 1947) . We have used these more detailed results where applicable.
The infra-red spectra of series of hydrocarbons of these types were first obtained by Lambert & Lecomte (1932 ,1938a ) and Andant, Lambert & Lecomte (1935) , but during the past six or seven years the whole field has been covered with much higher resolving power by several workers in this country Fellgett, Harris, Simpson, Sutherland, Thompson, Whiffen & Willis 1946) and in U.S.A. (Rasmussen & Brattain 1947 and American Petroleum Institute Reports 1947) .
Certain of the absorption bands between 1000 and 800 cm.-1 in these infra-red spectra were quickly correlated with characteristic olefinic groupings and have been widely used since as an empirical guide to molecular structure. The earliest work on these correlations was by Lambert & Lecomte (1938a, 6) but Rasmussen & Brattain (1947) and Thompson & Torkington (1945) have derived a m6re complete set of rules from the newer data. I t is generally recognized that these very important infra-red bands are associated with deformation modes of the hydrogen atoms but no detailed assignments have been made. One of the main purposes of this paper is to show how these and other such bands can be assigned to specific modes of vibration.
The infra-red and Raman spectra of a representative number of each of the various types of substituted ethylenes are shown in figures 1 to 9. The various sources from which these spectra have been taken have been enumerated above. In table 1 are given the characteristic frequencies that can be picked out from the spectra as common to each of the various types of substituted ethylenes. These frequencies can be divided into two series, (a) those th at He in,the region 1250 to 1450 cm.-1, most of which are strong in Raman scattering but medium or weak in intensity in infra-red absorption, and (6) those th at lie between 800 and 1000 cm.-1, all of which are strong in absorption and weak in scattering. We shall show th at each of these groups of frequencies represents related vibrations of the molecules concerned.
However, before proceeding to the detailed discussion of these frequencies, it will be convenient to note two frequencies which occur in most of the spectra but which are characteristic of the saturated hydrocarbon chains of the molecules. These lie in the regions 1360 to 1380 and 1440 to 1480 cm.-1 respectively, and are caused by deformation vibrations of hydrogens in the CH2 and CH3 groups. The 1360 to 1380 cm.-1 frequency is well known to be the symmetrical deformation frequency of the methyl group, whilst bands in the 1440 to 1480 cm.-1 region are caused both by the doubly degenerate deformation mode of this group, and by the symmetrical deformation of CH2 groups (Herzberg 1945) . A s s i g n m e n t o f t h e c h a r a c t e r is t ic f r e q u e n c i e s Several considerations lead us to assign these frequencies to hydrogenic vibrations of the structural units concerned. In the first place, the fact th at they are indepen dent of the precise nature of the alkyl groups X, Y, Z makes it appear unlikely th a t any of them are stretching vibrations of C-C linkages around the double bond. In the second place, it is generally apparent th a t as we proceed from mono-substituted to multiply-substituted ethylenes, the number of frequencies decreases with the number of hydrogen atoms remaining attached to the double bond. Furthermore this is true, whether we consider the whole range of frequencies or the two subclassifications previously mentioned. The reverse effect would be expected if these frequencies arose from C-C stretching vibrations. We may best proceed to assign them to particular deformation modes of the hydrogen atoms by considering first certain of the symmetrical disubstituted ethylenes. We shall consider in turn the assignment of the two observed frequencies near 1415 and 890 cm.-1 (figures 1 and 2) to these four possible modes. The strong Raman frequency between 1410 and 1420 cm.-1 can be assigned with confidence to vx for two reasons. I t is the strongest Raman line of those th at we are considering, and hence would normally be assigned to the only totally symmetric vibration, viz. Secondly, the corresponding symmetrical deformation of the'CH2 group in ethylene and in saturated hydrocarbons is well established at about 1450 cm.-1.
The strong infra-red band (and weak Raman line) in the region 885 to 895 cm.-1 is less easy to assign to one of the remaining three modes. However, can be rejected as it would be inactive in the infra-red in the case of molecules of this type, whereas in practice the 890 cm.-1 band remains strong in such molecules, e.g. isobutylene.
We are thus left with a choice between v2 and v3 and in this case it proves to be possible to distinguish between these alternatives by considering the rotational contour of this infra-red band of isobutylene. An approximate calculation of the moments of inertia of isobutylene shows that it is very nearly a symmetrical top having almost equal moments of inertia about axes in the plane of the molecule. In the notation of Gerhard & Dennison (1933) , and hence = -1 = -0*5.
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14 Thus 'perpendicular' bands will have approximate contours consisting of two P and R shoulders with a weak Q branch in the middle, whereas 'parallel' bands will have very pronounced Q branches whose intensity will be nearly half th a t of the whole band. Examination of the contour of the infra-red band a t 890 cm.-1 in isobutylene reveals th at this has the predicted contour of a parallel type band. Hence the corre sponding vibration has its associated change in electric movement perpendicular to the plane of the molecule and it must therefore be v3. I t may be added th a t the calculated value for the P -R spacing of such a parallel band is approximately 35 cm.-1 agreeing well with the observed spacing of 33 cm.-1. As further confirmation of the above assignment of this absorption band we see th a t the corresponding infra-red active vibration in ethylene occurs a t 949 cm.-1 and is very intense in the infra-red, whereas the v2 analogue in ethylene is a t a higher frequency (995 cm.-1) and is much weaker in absorption. The remaining two modes v2 and cannot yet be assigned with certainty to observed frequencies.
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The experimental data are given in figures 3 and 4 and the modes of vibration in table 3. The Raman data for cis-and fraws-butene-2 are taken from Gershinowitz & Wilson (1938) . Here again there are four possible modes to correlate with the observed frequencies a t 1295 to 1310 cm.-1 and 965 to 980 cm.-1. I t should be observed th a t in the case of the more symmetrical molecule there is a centre of symmetry (point group C2h), so th a t infra-red active frequencies are forbidden in Raman spectra and vice-versa. Consequently with such molecules, there should be no coincidences between Raman and infra-red frequencies. However, the experimental data indicate th a t the frequency near 1300 cm.-1 occurs with considerable intensity in both absorption and scattering even in the case of the simple molecule t rb uten frequency »in both spectra had been a violation of the selection rules the intensities would have differed greatly in absorption and scattering. We accordingly assume th at there are two distinct frequencies and assign them to two separate modes. Since they differ so slightly in numerical magnitude they must be either v1 and v2 or v3 and v4. Our previous arguments on the asymmetrically disubstituted molecule showed th at the frequency of the bending mode in the plane (v4) was distinctly higher than th a t in which the hydrogens moved out of the plane and so we assign these two frequencies to v4 (Raman active) and v2 (infra-red active). The remaining strong infra-red band must then be v3. I t should be noted th a t the weak Raman line in the region 965 to 980 cm.-1 occurs only in the spectra of molecules of the type x \ / H hP>c==c<^y in which coincidences between infra-red and Ram an frequencies are allowed. The Raman active v4 has not yet been identified.
Vibration spectra of hydrocarbons. I T a b l e 3. T h e a s s i g n m e n t o f t h e c h a r a c t e r is t ic f
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The assignment of the two observed C--H deformation frequencies in this case follows very naturally from the foregoing analysis of the corresponding trans form of molecule. The frequency near 1260 cm.-1 (Raman, strong) is clearly to be associ ated with of table 4 as this is the more symmetrical vibration and hence would be more intense in the Raman spectrum (figure 5). The 965 to 980 cm.-1 band, being strong in absorption (figure 4) is most probably v3; v2 and v4 have not yet been identified. Although there is a fairly persistent Raman frequency near 1300 cm.-1 in the spectra of these 'cis' disubstituted olefins (figure 5), the fact th a t it is absent in the spectra of cis-butene-2 and cis-pentene-2 has made us hesitate to assign it to v2. I t should be added th a t it would be desirable to have the infra-red spectra of a few more cis compounds to confirm our assignment of v3.* Having discussed the various disubstituted ethylenes we can now turn to the assignment of the deformation modes of the less symmetrical mono-and trisubstituted ethylenes. 
X v y H
Molecules of the type ^0 = 0T
his skeleton belongs to the symmetry group C8 having nine modes involving motions in the plane of the model, and three out of the plane. Of the former nine modes, three must be essentially C-H deformation modes, while all of the out of plane motions must be hydrogenic. In contrast to the disubstituted ethylenes, even the approximate forms of vibration of the molecule cannot be drawn without a full normal co-ordinate treatm ent; accordingly we propose to label the planar modes vlt v2 and and the non-planar modes as v2 and v'z, and to make assignments in the first instance to the v or V type of vibration (table 5) .
The experimental data (figures 6 and 7) provide four frequencies to be assigned among these different modes, viz. 1415, 1295, 990 and 910 cm.-1. Following the above analysis of the more symmetrical molecules (since all four frequencies are close to those of the simpler disubstituted molecules) we note th a t two of them are strongly Raman active (1415 and 1295 cm.-1) and obviously correspond respectively x \ / H to the 1410 to 1420 cm.-1 frequency of a '>0==C^ skeleton and to the 1250 to 1300 cm.-1 frequency found in both cis and trans disubstituted ethylenes. These are therefore assigned to planar vibrations, the first of which can be approximately described as a deformation vibration of the = C H 2 group, while the second is a sim ilar vibration involving a hydrogen atom a t each end of the double bond. The strong infra-red band in the region 800 to 840 cm.-1 can (by analogy with our previous assignments) be attributed to the non-planar mode. We believe th at the variability in position of this frequency is at least partly due to changes in the precise nature of each of the alkyl substituents X, Y and Z which in turn can cause changes in the force constants controlling this vibration. In the mono-and di substituted ethylenes there are fewer variables factors of this type.
Vibration spectra of I T a b l e 5. T h e a s s i g n m e n t o f t h e c h a r a c t e r is t ic f
The planar mode of the hydrogen is assigned to the Raman line near 1383 cm.-1 having the correct magnitude for a planar vibration. I t will be noted th at this Raman frequency lies close to the well-known infra-red frequency near 370 cm.-1, characteristic of methyl groups, and objection might be made to our assignment for this reason. We believe th a t such an objection is invalid since (1) the average frequency of this Raman line (1383 cm.-1) is distinctly higher than the average for the infra-red frequency of methyl groups, and (2) the methyl group frequency is usually very weak in Raman scattering. This is well illustrated in the work of Fenske, Braun, Wiegand, Quiggle, McCormick & Rank (1947) on the Raman spectra of saturated hydrocarbons containing many methyl groups.
Ca l c u l a t io n s o n t h e n o n -p l a n a r f r e q u e n c i e s
Using a simple valency force held, the relations between the non-planar deformation frequencies of the hydrogen atoms, the masses of the various atoms, intemuclear distances and angles have been derived. Two independent methods were used to give a check on the equations, the first being th a t of Howard & Wilson (1934) , the second th a t of Eliashevich (1940) . The general form of potential used was
where 6X is the angle made by M m 1 with the original plane of t when m1 is displaced; 02, 0Z and 04 are similarly defined (figure 10). The four s in this force-field are clearly not independent. However, this form of the potential function is easy to visualize and is very convenient for calculations on the more symmetrically substituted ethylenes. The required relation between the 0's is easily inserted in the course of the derivation of the relevant equations, or enters naturally in choosing the symmetry co-ordinates. When mx, m2, m3 or m4 is an alkyl group we assume th at the latter may be replaced by a point mass; this is justified in th at the deformation frequencies of the hydrogens will be shown to be very insensitive to these masses.
Vibration spectra of hydrocarbons. I 207 Figure 10
The relations obtained are as follows where A = Asymmetrically disubstituted ethylenes (table 2) As + A£ = fcP + fc'G,
Here A3 and A4 correspond to v3 and v4 of table 2 while A3 is the counterpart of A3 in which non-hydrogenic atoms are deformed out of the plane. In this case
2V = k{dl + dl) + k \d \ + dl).
Trans disubstitwted (table 3) where A3 + Ao 
mi2+mT2+J f\I+Z7
In this case m1 = m4 = ra', ra2 = ra3 = m (hydrogen), l1 -l\ = l', Z 2 = i3 = Z (CH bond length),
Vibration spectra of hydrocarbons. I
General tests of the equations
Before applying the equations in detail to a series of experimentally determined frequencies, it is desirable to test whether they give rise to 'characteristic* fre quencies under the appropriate conditions. If this proves to be true, it will afford additional evidence for our assignments and justify extending the treatm ent to other similar molecules.
In the asymmetrically disubstituted ethylenes, it has been shown th at when the substituents are alkyl groups there is a characteristic frequency a t 890 cm.-1 which we attributed to the out-of-plane bending of the CH2 group as a whole. The fact th at this frequency is independent of whether the substituents are methyl, ethyl, propyl, etc. indicates th a t the frequency is independent of the precise masses, bond lengths and force constants associated with the substituent alkyl groups. The application of equations (1) to the asymmetrically disubstituted alkyl ethylenes yields the results given in table 7. a is assumed to be 120° throughout (as well known to be approximately correct for ethylene), M -12, 1 (in atomic units) and l = 1-07A. The value of k = 0*456 x 10-11 ergs/radian was taken as a reasonable mean from the spectrum of ethylene ( vide infra). In the last two columns are given the calculated frequencies in wave numbers of the two normal modes of vibrations of this symmetry type and it can be seen th at for m' greater than 2, changes of mass, bond length, or force constant for the sub stituent groups make very little difference to the v3 frequency. I t is therefore legiti mate to speak of this as a characteristic out-of-plane frequency of the CH2 group in agreement with experiment. I t is obvious th at the value chosen for the out-of-plane bending constant of the C-H linkages is too high to obtain agreement with the observed band at 890 cm.-1 and a more correct value will be given later.
T a b l e 7. R e l a t iv e v a r ia t io n s i n c e r t a in n o n -p l a n a r v i b r a t i o n s OF ASYMMETRICALLY DISUBSTITUTED ETHYLENES
A second test of the equations can be obtained by applying them to ethylene. For instance, putting k -k \ m -m' and case, we find that equations (1) and (2) become The frequencies in ethylene corresponding to A3, A3 and A4 are respectively 949, 943 and 825 cm.-1. These yield three independent values for viz. 0-522 xlO -11, 0-392 xlO -11 and 0-460 x 10-11 erg/radian. The fact th at these are only in fair agreement with one another shows th at the simple valency force field we have used, which neglects interaction terms, will have to be modified eventually when further data are available to allow these interaction terms to be estimated. Meanwhile, it is satisfactory to note th at using the first two of the above separate values of k to calculate the corresponding two frequencies in tetradeuteroethylene, we obtain values of 717 and 780 cm.-1 in excellent agreement with the experimental values of 720 and 780 cm.-1 (Herzberg 1945) . Thus, although the values we shall obtain for the various force constants by the use of these equations cannot be regarded as final, they should be very good first approximations and general trends in these, when derived from similar frequencies, can be regarded with some confidence, as reflecting general trends in the final values.
In addition to the hydrocarbons of this type whose spectra have already been discussed, various molecules with other substituents have been investigated by Raman and infra-red spectroscopy. Vinylidene fluoride, chloride and bromide have been examined in the infra-red by Thompson & Torkington (1945) and Torkington & Thompson (1945) , the bromide in Raman scattering by de Hemptinne (1946) , and the chloride in Raman scattering by Cabannes (1938) .
Accepting our assignment of the strong band at 890 cm.-1 in the olefines to the symmetrical CH2 out-of-plane bending vibration, the assignments given in the literature for the same (Bx) vibrations of the halogen substituted et reasonable. These are given in table 8 together with the force-constants deduced therefrom with the help of the appropriate equations. In carrying out these and subsequent calculations all planar angles are assumed to be 120° and the values in In the above calculations generous upper and lower limits have been taken for the other out-of-plane frequency of type B x but these were found to make little difference to the value of k. An error of ± 0*005 in the above values of k w uncertainty due to this cause. The 'k approx.' values were obtained by taking As = kP as an approximate solution of the quadratic equation (1). This affords a very rapid means of approximating to the force constant direct from the vibration frequency and re-emphasizes the relative independence of the hydrogen deformation frequencies with regard to the structure a t the other end of the double bond. I t shows th at ^ny large change in frequency in passing from molecule to molecule must be mainly due to force constant variation.
In the case of vinylidene bromide, de Hemptinne (1946) gives the value o f709 cm.-1 for the observed frequency of the deuterated molecule. The calculated value using the equations (1) and the value for the force constant given in table 8 is 703 cm.-1, in good agreement with experiment. De Hemptinne (1946) also gives 668 cm.-1 as the value of the twisting frequency of symmetry in the case of vinylidene bromide. This gives a value of 0*301 x 10-11 for k in our notation and is considerably less than 0*394 x 10-11 as given by the B x vibration. If the discrepancy is not due to a wrong assignment it means th at there are considerable interaction constants present here also. In agreement with de Hemptinne's assignment, the former value of k gives a calculated value for the twisting vibration of the deuterated molecule of 473 cm.-1 in good agreement with the experimental value of 478 cm.-1. Thompson & Torkington (1946) give 540 cm.-1 as the value of the torsional oscillation in vinylidene chloride. This seems too different from the vinylidene bromide value when the small change in the B x frequency in passing from the chloride to bromide is taken into account. More experimental data on the Raman spectra of molecules of this type are needed to settle these points.
Application to cis and trans disubstituted ethylenes
The experimental data on the spectra of halogen substituted molecules of this type are much less complete than for the corresponding asymmetrically disub stituted ethylenes, and the assignments are correspondingly less reliable. However, by starting from the well established frequency at 965 cm.-1 for the alkyl sub stituted molecules and looking for intense infra-red bands (with marked Q branches) a t lower frequencies it is possible to assign a fairly consistent set of frequencies to the symmetrical out-of-plane deformation vibrations of the C-H linkages. The assigned frequencies and the corresponding accurate and approximate force constants are given in tables 10 and 11. The experimental data on the cis and trans dimethyl ethylenes (butenes) are taken from the infra-red work of Gershinowitz & Wilson (1938) and on the halogen substituted ethylenes from th a t of Wu (1937 ), Emschwiller & Lecomte (1937 and Herzberg (1945) . The values chosen for the cis and trans dichloroethylenes are at variance with W u's assignments. For example, the type A contour listed by Wu for the 860 cm.-1 frequency of m-dichloroethylene is assumed here to be of type C (both should have Q branches), and th at at 820 cm.-1 in the frems-compound is assumed to be the out-of-plane vibration rather than a C-Cl valence mode. These changes must be regarded as tentative only until more experimental work under high resolving power in the vapour phase has been done on these compounds. They are, however, in agreement with some recent assignments by Pitzer & Freeman (1946) .
Here again values are given for Jc as determined with the full equations and with the first term only, and the close correspondence of the two values in every case shows how separable are these particular modes. The k values may be taken as correct to ± 0-005 x 10-11 on the assumption of the simple valence force field and the stated molecular dimensions. The experimental data are insufficient to give reliable assign ments to the other out-of-plane frequencies of symmetry types A 2 (cis) and B g > which will also be largely dependent on the force constants controlling the out-of plane deformation of C-H linkages. The infra-red spectra of deuterated derivatives of these compounds do not appear to have been studied.
Application to the mono-substituted ethylenes Experimental infra-red data on vinyl fluoride, chloride, bromide and iodide have recently been published by Torkington & Thompson (1945) and Thompson & Torkington (1945) and these, together with the data on mono-alkyl-substituted ethylenes given above form another interesting series of molecules in which to study frequency changes. I t was pointed out earlier th at the two strong infra-red frequencies of the mono-substituted ethylenes a t approximately 910 and 990 cm.-1 were respectively not far removed from the 890 and 965 cm.-1 frequencies of asym metrically disubstituted ethylenes. I t was suggested th a t the two pairs of frequencies corresponded to closely related out-of-plane motions of the C-H linkages and it is therefore interesting to see if there is any parallel between the behaviour of these frequencies in going along the series methyl, alkyl, iodide, bromide, chloride, fluoride, in both cases.
I t has already been shown th a t the out-of-plane deformation frequency of the = C H 2 group in asymmetrically disubstituted ethylenes is relatively independent of the masses, force constants, and bond lengths a t the other end of the double bond. Also from tables 7 and 8 it is obvious th a t the change in frequency with X must be principally due to changes in the force constant h. If then the 910 cm.-1 frequency of mono-alkyl substituted ethylenes is closely related to the 890 cm.-1 frequency of the disubstituted compounds we should expect the frequency variation in the vinyl compounds to be considerably less than in the vinylidene compounds, since the effect of the substituent on Tc must be much less when there is one substituent than when there are two. This is borne out by table 12. In the second column is repeated the sequence of observed frequencies (from table 8) for the vinylidene compounds; the frequency differences between consecutive members are given in the third column. The corresponding figures for the vinyl compounds are given in columns four and five. I t will be noticed th at the differences in the fourth column (Aj/) are (within experimental error) the same or considerably less than the corresponding ones on the third column (Ap). Indeed if £Ap is added to the observed value for vinyl fluoride and the corresponding operation carried out up the series we obtain ' calculated ' frequencies in column 6 which lie remarkably close to the observed frequencies in column 5.
Vibration spectra of hydrocarbons. I A progressive change of this type along such a series provides additional strong evidence for our assignment of the 910 cm.-1 band of the mono-substituted olefines. In the above compilation, the frequency assigned to this mode of vibration in vinyl fluoride (860 cm.-1) is different from th at of Torkington & Thompson (732 cm.-1). However, the contour of the band is of the correct type and the manner in which the present assignment fits in with the above series is convincing. Another test of the hypothesis th at each substituent makes its own contribution to the deformation force constant of the C-H linkage is afforded by the frequencies a t 872, 835 and 801 cm.-1 which are the out-of-plane vibrations of CH2 groups in vinylidene chloride, 1-chloro-l-fluoro ethylene, and vinylidene fluoride (Torkington & Thompson 1945) . The fact th at this frequency in 1-chloro-l-fluoro compound is almost exactly the arithmetic mean of the other two is in agreement with the interpretation proposed.
Finally, de Hemptinne (1946) has given values for the fundamentals of vinyl bromide and its deuterated derivatives. He does not assign any frequencies specific ally to out-of-plane modes but it is clear th at his unassigned Raman frequency a> H (906 cm.-1) in vinyl bromide is the out-of-plane mode of the CH2 group. The infra-red value for this fundamental is given as 902 cm.-1 by Thompson & Torkington (1945) . De Hemptinne finds th at the corresponding frequency in the completely deuterated compound is a t 730 cm.-1; calculations with our approximate equations give 724 cm.-1. This close agreement gives further confirmation of the close relation between the 890 and 910 cm.-1 frequencies in the alkyl substituted ethylenes.
D i s c u s s i o n o p t h e f o r c e c o n s t a n t s
The question arises to what extent the force constants given in tables 8 to 11 provide a means of following the changes in molecular structure. Since these have been obtained on the assumption of a siihple valence force field, they must be regarded as first approximations to a more complete set containing additional interaction constants. Nevertheless, it is reasonable to see what correlation obtains between them and the structural changes taking place as the substituents are varied. Except in the case of ethylene, the experimental data do not yet permit a more complete analysis. The validity of these, approximate constants has been demon strated in several instances in which they have been used to calculate the vibrational frequencies of the corresponding deuterium compounds. In cases where experi mental data are available for such deuterated molecules the agreement between the calculated and experimental values has been within 2 %.
First it may be noted th at among the force constants of the three types of dimethyl ethylenes as given in tables 8, 10 and 11, those corresponding to cis and trans molecules have fairly similar values {ca. 0*6 x 10-11 dynes cm./radian), whereas asymmetrically disubstituted molecules have a considerably lower value {ca. 0-4 x 10-11dyne cm./radian). These differences may be in some measure due to differences in interaction constants in the different structures being reflected in the approximate values of the force-constants. I t seems likely, however, th a t this does represent a real difference in the main deformation force constant. This same effect persists throughout the other sets of related molecules containing halogen atoms.
A second effect is common to the three series of force constants given in tables 8,10 and 11. Here the substituents have been written down in the order of decreasing force constant, viz. methyl, alkyl group, iodine, bromine, chlorine, fluorine. This, however, is also the order of increasing electronegativity and we may conclude th a t there is strong evidence th a t the force constant controlling the out-of-plane bending of C-H linkages around substituted double bonds decreases with increasing electronegativity of the other substituents.
I t is interesting to note th a t the force constants of the asymmetrically sub stituted ethylenes show relatively little change in going from methyl to bromine, and bromine to chlorine, but th a t there is a very considerable decrease in passing from chlorine to fluorine. This is in general agreement with the corresponding electronegativities according to Pauling (1941) where it is shown th a t the greatest change in electronegativity in this halogen series occurs in passing from chlorine to fluorine. I t is also noticeable in proceeding along these series th at for the cis and trans isomers, the change of force constant is much more rapid than for the asym metrically disubstituted isomers. This is readily explained by the proximity of the substituent groups to the C-H linkages in question. In the asymmetrically di substituted molecules, the substituents are a t the end of the double bond remote from the C-H linkages, whereas in cis and trans isomers they are attached to the carbon atoms of the C-H linkages and the effects would be expected to be greater. These remarks apply equally to the variations of the 910 cm.-1 frequency (the analogue of 890 cm.-1 frequency in the asymmetrically disubstituted molecules) and 990 cm.-1 frequency (the analogue of the 965 cm.-1 frequency in the cis and trans isomers) in mono-substituted ethylenes.
I t would seem to be profitable to develop the foregoing as a method of investigating changes in the electronic structure of the ethylenic double bond arising from sub stitution of the hydrogens around th a t bond. Changes in the force constants con trolling the stretching vibrations of hydrogen atoms have already been correlated with changes in the electronic structure of these bonds (Sutherland & Dennison 1935; Linnett 1945) and it is therefore to be expected th at variations in the deforma tion force constants of hydrogen atoms will receive a similar interpretation. Pre sumably there should be changes in the CH stretching force constant associated with the changes we have just discussed but unfortunately the spectroscopic data on the 3'3/t bands of substituted ethylenes have not been obtained under conditions of high enough resolving power to enable small changes in the CH stretching frequencies to be observed. Further experimental work along these lines is now required and we hope to make such observations in the near future. Furthermore, if the changes in the deformation force constants are due to changes in the electronic structure of the CH bonds, this should be reflected in changes in the absolute intensities of the associated absorption bands in the 8 to 13 region of the spectrum as we proceed from iodine to fluorine. I t is also hoped th at further experimental work can be undertaken to check this prediction. 
